INTRODUCTION
In ascending stratigraphic order the three most prominent volcanic ash beds in the Oligocene Brule Formation, which is part of the White River Group in northwestern Nebraska, are the Lower Whitney, the Upper Whitney, and the Nonpareil. These volcanic ash beds were sampled in four areas, Scottsbluff National Monument, Round Top, Chadron, and Beaver Wall ( fig. 1 ). The purpose of this report is to present data and preliminary interpretations on the chemical and mineralogical composition of the Brule ash beds., Factor analysis was used to relate chemical compositions to mineralogy and to reduce the number of variables to be interpreted (Dickinson, 1988 (Dickinson, , 1988 .
Methods
Thirty samples, collected from measured sections at four localities, were analyzed chemically and mineralogically. Major elements were measured as oxides by X-ray fluorescence (XRF) (Taggart and others, 1987) . Uranium, thorium and the rare earth elements were done by instrumental neutron activation analysis (INAA) (Baedecker and Mckown, 1987) . Other elements were determined by inductively coupled plasma spectroscopy (ICP) (Lichte and others, 1987) . Mineralogical determinations were by X-ray diffraction (XRD) of whole-rock powder mounts and oriented clay mineral mounts.
The mineral values are represented by the areas in square inches of the area under selected XRD peaks. The XRD data was obtained under conditions made as uniform as possible for all the XRD runs. The same mount preparation procedures, the same instrument, and the same instrument settings Lower Wliitney Ash.~ThQ lower Whitney ash averages about 20 ft in thickness throughout most of the study area but thins sharply and may be absent along the northeastern margin of the study area (Swinehart and others, 1985) . At the Beaver Wall locality, the lower ash is only about 4 ft thick. Amphibole (probably hornblende) was found in only one sample of the Lower Whitney ash (table 7) . The contents of quartz and feldspar increase northeastward in the study area reflecting the increasingly greater proportion of NVDM in the ash. Mica (mostly biotite?) decreases in a northeasterly direction. The four relatively pure samples from the Scottsbluff and Round Top areas, averaged 64.3 percent SiC>2 (table 3) .
Upper WliitneyAsh.~The upper Whitney ash is 22 ft thick in the southwestern part of the study area in Kimball County, and it thins slightly to the northeast where it is 17 ft thick in Dawes County, Nebraska. From Dawes County it thins rapidly to the Beaver Wall locality in western Sheridan County area where it is only about 4 ft thick. It is absent in north central Sheridan County (Swinehart, and others 1985) . Judging from the size of the XRD peaks the upper ash has more calcite than the lower ash. Quartz and feldspar increase northeastward due to the increased mixing with NVDM.
The four relatively fresh samples of the upper Whitney ash from the Scottsbluff and Round Top areas, averaged 57.9 percent SiO2 (table 6 ). This value, lower than that of the lower ash, results from the greater amount of calcite in the upper ash as indicated by the XRD data (table 7) .
Nonpareil Ash.--The Nonpareil ash ranges in thickness from about 40 ft in the western and central parts of the study area to 20 ft in southeastern Dawes County and at the Beaver Wall. The mineral contents of the Nonpareil ash are about the same as
STATISTICAL ANALYSIS
Chemical and mineralogical data for the 30 samples are listed in tables 5-8. Three databases were assembled from these data. They are data base I, compiled from the mineral and ICP chemical data (tables 5 and 7), database n, compiled from the mineral and XRF data (tables 6 and 7) and database HI, compiled from the mineral and rare-earth element data (tables 7 and 8). The factor analyses were performed to reduce the number of variables to be interpreted by grouping them into related sets. A four-factor model was chosen after examining models with 3-7 factors as the best compromise between high communalities and the simplest model that would explain the observed relationships. In addition, a scatter diagram was prepared to examine regional differences in the uranium to thorium ratio ( fig. 2 ). The results of these studies suggest many interesting relationships and the data can be interpreted to reflect sedimentologic and diagenetic processes and to indicate sediment sources. The Rmode factor analyses for these databases are presented below:
Database /.--Factor one contains variables with both positive and negative loadings (table 1). The variables with positive loadings, U, K, Pb, Th, Be, P, and mica, are believed to represent the content of the air fall ash fraction of the beds, and the variables with negative loadings, Sr, feldspar, quartz, and Cr probably represent the non-volcanic detrital fraction (NVDM). Thorium is high in beds that consist mostly of volcanic ash and low in beds with a greater amount of NVDM. Uranium and Pb, which is a decay product of both U and Th, are positively correlated with thorium in the relatively pure ash beds. Biotite is a constituent of the nearly pure ashes (Swinehart and others, 1985 and Evanoff, 1990) . The quartz and feldspar represent NVDM and strontium probably substitutes for one of the cations in the feldspar.
Factor two contains Ti, Nd, Fe, Ce, and V. Iron and Ti frequently occur together and are components of ilmenite (FeTiO3). Ilmenite is commonly high in resistate sediment concentrations.
Factor three contains Ca, calcite, and Mn with positive loadings and Ba with a negative loading. Calcite is precipitated in the ash beds from ground-water and as such is an allocthonous component. Calcite explains the presence of both Ca, which of course is a major constituent of calcite, and Mn, which substitutes for Ca in the calcite structure. The presence of barium with its negative loading is probably insignificant as indicated by its very low communality (.21, table 1).
Factor four contains Mg, Li, Zn, smectite, Al, Cu, and amphibole. Smectite is an alteration product of the ash (Dickinson, 1991) , but also occurs in the NVDM. Nevertheless, its occurrence here suggests that this factor represents alteration of the ash. Aluminum is a component of the smectite and Mg substitutes for Al in the structure. Both Al and Mg are found in amphiboles along with iron, which has its second high loading in this factor. Lithium, Zn, and Cu are mobile during weathering and may be absorbed by the clays. Database //.--Factor one consists of CaO, MnO, calcite, and ¥2®$ with positive loadings and SiO2 and Na2O with negative loadings. As with factor three in database I, calcite, Ca, and MIL, are closely related and represent an allocthonous source material. The SiO2 and Na2O probably represent both volcanic and non-volcanic materials, because they are as concentrated in the samples that are nearly all volcanic ash as in the samples containing large amounts of NVDM.
Factor two contains Fe2O3, TiO2, MgO, and smectite. The strong correlation between Fe and Ti (r = .97) again suggests their concentration is controlled by the mineral ilmenite (FeTiC>3), which is a common resistate mineral in detrital sediments. The association with smectite is somewhat puzzling because smectite is known to occur as an alteration of the ash shards (Dickinson, 1991) . Smectite also occurs as a detrital component of the White River sediments, perhaps having been derived from upstream erosion of volcanic beds. The occurrence of detrital smectite is apparently more prominent in ash beds that are substantially diluted with NVDM. Magnesium substitutes for aluminum in the smectite structure. Aluminum (A12O3) has its highest loading in factor three, but it is, nevertheless, positively correlated with both smectite (r= +0.32) and Mg (MgO) (r= +0.43).
Factor three contains K^O and A12Q3 with positive loadings and quartz and feldspar with negative loadings. Potassium is most closely related to mica and A12O3 to smectite. Quartz and feldspar, as in database I, factor one, are predominantly derived from non-volcanic detrital material.
Factor four consists of amphibole and mica. Biotite was reported from White River ash beds in southeastern Wyoming by Evanoff (1990) and biotite was reported from the lower Whitney ash in northwestern Nebraska by Swinehart and others, (1985) . Although the amphibole is primarily related to the NVDM some may also have occurred in the volcanic fraction. In addition, sorting during eolian or fluvial activity may have brought the two minerals together. Database ///.--Database three contains minerals determined by XRD and elements determined by the delayed neutron method that includes the rare earth elements. Elements Fe, Na, Gd, Tb, W, and Au were not included in the factor analysis because of the limited number of variables that could be used and because some of the results were either below the detection level or were made unreliable by interference.
Factor one consists of Cs, As, Rb, U, Ta, U, Sb, and Th with positive loadings and quartz, feldspar, Sr, Eu, Cr, Zr, Hf, Sc, and amphibole with negative loadings. The positive group is composed of elements concentrated in the volcanic part of the sediment and the negative group is concentrated in the NVDM. Both Th and U, generally concentrated in the purer ashes, are in the positive group. The negative group contains quartz and feldspar which are high in the NVDM. Strontium substitutes for a cation in feldspar and Eu follows Sr (r = + 0.76) in the negative group. Hafnium follows Zr (r = 0.98), which is common in resistate sediments as zircon. Scandium is generally concentrated in the silicate phases. The occurrence of amphibole here may have little significance because of its low communality (0.45, table 3).
Factor two consists entirely of the light rare earth elements, Nd, Sm, Ce, La, Lu, and Yb, which are generally equally distributed in all rocks. They are neither correlated with the NVDM or volcanic fractions.
Factor three consists of Zn, smectite, Tm and Ho. Zinc can be held in the smectite structure. The heavy rare earths Tm and Ho may have been absorbed on the clay.
Factor four consists of mica, Ni, and calcite. Biotite is known to occur in the ashes, but mica is not in the volcanic component (in factor one), which probably means that illite also contributes substantially to the measured XRD peak (table 7) , and the illite may be diagenetic, part of the NVDM, or both. Calcite, as mentioned above is allocthonous. Nickel may be introduced with the calcite in ground water, but its communality (0.47, table 3) is low and its occurrence here lacks significance. 
THE ASHES AS A POSSIBLE URANIUM SOURCE FOR COMMERCIAL DEPOSITS
Uranium averages 7.8 ppm U in the ashes in the proximal areas (Scottsbluff and Round Top) and 3.2 in the distal areas (Chadron and Beaver Wall). The proximal area value (7.8) is very close to the 8 ppm Zielinski (1983) determined from White River volcanic glass separates. Considering that even the relatively fresh glass analyzed here is diluted with an estimated 5 to 10 percent NVDM, the values are compatible. Hence, it seems unlikely that the ashes studied in this report could have produced a significant proportion of the uranium found in deposits such as Crow Butte which are in basal sandstone beds of the Chadron Formation. Water that carried uranium for those deposits probably originated much further updip to the northwest. A greater degree of alteration occurred in other areas, especially hi parts of Wyoming and South Dakota (Evanoff, 1990; Stanley and Benson, 1979) . This alteration, which produced clinoptilolite as well as smectite and opal, probably also put greater amounts of uranium into the ground-water that entered these basal sandstone aquifers (Dickinson, 1993) . Lander and Hay (1993) related the areas of zeolitic alteration to hydrologic regimes.
Thorium is resistant to leaching and the relatively constant Th/U ratio ( fig. 2 ) suggests that the lower U in the samples from the northeastern localities is not because of uranium leaching. The ratio remains relatively constant throughout the study area, even where the volcanic sediments are strongly diluted by non-volcanic sediments. Areas of strong uranium leaching or alteration were not found in the study area.
REGIONAL VARIATIONS
Thorium and uranium are lower in all three ash beds in the northeastern part of the area. Uranium decreases from about 8 ppm in the Scottsbluff and Round Top localities to about 3 ppm at the Chadron and Beaver Wall localities. Thorium decreases from about 22 ppm to 12 ppm in the same samples. The decrease is because of the the mixing with and dilution by the non-volcanic sediment (NVDM) that contains less uranium and thorium. The mixing resulted from eolian, fluvial, and biologic activity. The Th/U ratio remains about the same at all the sample sites ( fig. 2 ). Antimony and arsenic follow dilution patterns to the northeast similar to those of uranium and thorium. Feldspar and quartz, a part of the NVDM, increase to the northeast in an inverse trend to that of uranium and thorium. Strontium, which is probably in the feldspar, and scandium which is probably in the amphibole also increase northeastward. Mica is lower at the northeastern sites. Available data, however, do not provide definitive conclusions for the amphibole, which may have occurred both in the volcanic and NVDM fractions. 14 
SUMMARY
In ascending order three major volcanic ash beds of the Brule Formation in northwestern Nebraska are the Lower Whitney, the Upper Whitney and the Nonpareil. These beds are mixed with increasingly large amounts of NVDM northeastward away from the volcanic source, which probably is the San Juan volcanic field in south-central Colorado. The chemical and mineralogical contents of the sediment can be divided into general groups of related values. These groups (factors) are interpreted to generally represent the four compositional components of the ash beds. These are: (1) volcanic ash, deposited mostly by air-fall, but partly redistributed by fluvial and eolian processes, (2) NVDM deposited by eolian and fluvial processes, (3) alteration products of the volcanic glass consisting mostly of smectite, opal, and in some areas clinoptilolite, and (4) diagenetic minerals such as calcite that are high in Mn as well as Ca and that were deposited from percolating ground-water. The Brule ash beds are probably not the source of much or the uranium in commercial uranium deposits in northwestern Nebraska. Table 7 . X-ray diffractogram peaks and areas measured for those peaks for the common minerals.
A.-X-ray diffractogram peaks (Cu, K-alpha radiation) measured for the common minerals in the Brule ash samples. The term "mica" is used for minerals that contributed to the 10 angstrom XRD peak. These included biotite, illite, and possibly muscovite. 
